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Summary

Native Americans have been classified into four found-
ing haplogroups with as many as seven founding lin-
eages based on mtDNA RFLPs and DNA sequence data.
mtDNA analysis was completed for 83 Yanomami from
eight villages in the Surucucu and Catrimani Plateau
regions of Roraima in northwestern Brazil. Samples
were typed for 15 polymorphic mtDNA sites (14 RFLP
sites and 1 deletion site), and a subset was sequenced
for both hypervariable regions of the mitochondrial D-
loop. Substantial mitochondrial diversity was detected
among the Yanomami, five of seven accepted founding
haplotypes and three others were observed. Of the 83
samples, 4 (4.8%) were lineage BI, 1 (1.2%) was lineage
B2, 31 (37.4%) were lineage C1, 29 (34.9%) were lin-
eage C2, 2 (2.4%) were lineage D1, 6 (7.2 %) were
lineage D2, 7 (8.4%) were a haplotype we designated
"X6," and 3 (3.6%) were a haplotype we designated
"X7." Sequence analysis found 43 haplotypes in 50 sam-
ples. B2, X6, and X7 are previously unrecognized mito-
chondrial founding lineage types of Native Americans.
The widespread distribution of these haplotypes in the
New World and Asia provides support for declaring
these lineages to be New World founding types.

Introduction

Modern Homo sapiens did not arise in the New World.
Anthropological evidence shows that American Indians
came from Asia across the Bering Straits when the Be-
ringia land bridge was exposed during periods of glacia-
tion (Zegura 1985). The timing of the first migration is
intensely debated. Archaeological evidence for human
habitation of 33,000 years before present (ybp) have
been claimed, still the most widely agreed upon North
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American sites date to 12,000-15,000 ybp (Worming-
ton 1983; Lynch 1991). Ancient sites are scarce, and no
human remains have been identified >18,000 ybp
of age.
The number and nature of migrations also is un-

known. Linguistic evidence has been interpreted to sup-
port three migrations corresponding to three major lan-
guage groups (Amerind, NaDene, and Eskaleut).
Amerinds are postulated to have arrived 11,000- 14,000
ybp, with the Nadene and the Eskaleut following later
(Turner 1985; Zegura 1985; Greenberg et al. 1986;
Greenberg 1987; Szathmary 1993). Turner (1988) later
suggested that the NaDene entered last. However, lan-
guage groups included as Amerind are diverse, and their
common origin is disputed. It also is conceivable that
American Indian linguistic and genetic diversity oc-
curred indigenously, when deglaciation inundated the
Bering Strait, again separating the New World and Asia.
Once humans reached the New World, they quickly

occupied both continents. While Monte Verde in Chile
may have been settled as long as 33,000 years ago (Dil-
lehay 1989; Marshall 1990), no strong evidence of hu-
man habitation in the New World exists prior to 18,000
ybp, leading many to question human presence in the
New World prior to 18,000 ybp. Humans were certainly
in many parts of South America by 11,000-14,000 ybp
(Salzano and Callegari-Jacques 1988). Again, the major
migration routes and relationships between groups are
speculative. Using molecular genetic techniques, anthro-
pologists, archaeologists, and geneticists are attempting
to trace these ancient migratory routes and determine
when contemporary populations separated from each
other.
Johnson et al. (1983) first demonstrated that human

mtDNA RFLP haplotypes clustered according to geo-
graphical regions and that relationships between popu-
lations could be established by examining mtDNA RFLP
patterns. Wallace et al. (1985), studying mtDNA RFLP
variation in three Native American populations, de-
tected mtDNA types also found in Asians. However,
the frequencies of the mtDNA haplotypes observed in
Amerindians differed markedly from those found in
Asia, which is indicative of a founder effect for New
World populations. Schurr et al. (1990) suggested that
all Native American haplotypes clustered into four

213



Am. J. Hum. Genet. 59:213-225, 1996

Table 1

RFLP Sites That Define the Major Haplogroups Observed in American Indian Populations

HaeIII 9-bp HincIl AluI DdeI AluI HaeIII RsaI HaeIII RsaI HincIl RsaI EcoRV Sau96I
Type 663 Deletion 13259 5176 10394 10397 16517 16329 16398 16049 12406 16303 16274 16516

Al + N + + - - + + - + ... ... ... ...

A2 + N + + - - - + - + ... ... ... ...

Bi - D + + - - + + - + ... ... ... ...

B2 - D + + - - - + - + ... ... ... ...

Cl - N - + + + + + - + ... ... ... ...

C2 - N - + + + - + - + ... ... ... ...

Dl - N + - + + + + - + ... ...

D2 - N + - + + - + - + ... ... ... ...

"E" - N + + - -... ... ... ... ... ...

X6 - N + + + + - + - + + + + or - +
X7 - N + + + + + + + + + + or- +

haplogroups. These four haplogroups, designated "A,"
"B." "C," and "D," were defined by Wallace and Tor-
roni (1992) and the specific markers defining each haplo-
type are given in table 1. The A, C, and D haplogroups
have been further subdivided by the presence (Al, Cl,
and Dl) or absence (A2, C2, and D2) of an HaeIII site
at nt 16517 (Bailliet et al. 1994). In American Indians,
haplotype B has always been found in association with
the HaeIII site at nt 297. These specific markers are
found primarily in Amerindians and other populations
of Asian descent. Native American populations in all
parts of North and South America were found to have
haplotypes from all four haplogroups, which indicates
that all were descended from one ancestral stock (Merri-
wether et al. 1991; Ballinger et al. 1992; Torroni et al.
1993a).

In addition, Bailliet et al. (1994) proposed a lineage
E made up of haplotypes identified as "others" (not A,
B, C, or D) by Torroni et al. (1993a). These consist of
haplotypes AM28, AM29, and AM74 to AM76. Tor-
roni et al. (1993a) postulated that these were due to
European admixture. Bailliet et al. (1994) also include
haplotype AM83 (which Torroni et al. [1993a] include
as a lineage C haplotype) in their lineage E. Haplotype
AM83 lacks the HincIl 13259 site loss and would not
typically be assigned to haplogroup C. AM83 lacks the
HaeIII 663 site gain (lineage A), the 9-bp deletion (Lin-
eage B), and the AluI 5176 site loss (lineage D) (see table
1), and thus does not fit criteria for any of the founding
haplogroups. Bailliet et al. (1994) noted that unlike the
other "lineage E" haplotypes, AM83 showed DdeI and
AluI site gains at nts 10394 and 10,397, respectively.
DNA sequence analysis of the mitochondrial D-loop

has revealed a high level of diversity in Amerindian
mtDNA. D-loop sequence haplotypes cluster in four
groups (Ward et al. 1991, 1993; Ginther et al. 1993;
Horai et al. 1993; Merriwether et al. 1993; Torroni et

al. 1993a), and RFLP haplogroups A, B, and C segregate
into analogous D-loop groups due to group-specific mu-
tations. Haplogroup A sequences have a "T" at nt
16290 and an "A" at nt 16319. Haplogroup B sequences
usually have "Cs" at nts 16189 and 16217. Lineage C
sequences have a "C" at nt 16298 and a "T" at nt
16327. Haplogroup D sequences do not cluster tightly,
because they lacked distinguishing polymorphisms.
Comparison of these sequences with Asian D-loop se-
quences found that these group-specific mutations are
shared between the two geographic regions, while other
mutations seen in the D-loop are not. This indicates
that the group-specific mutations probably arose in Asia
while the other mutations occurred after Native Ameri-
cans separated from Asian populations (Torroni et al.
1993a).
We have used a combination of RFLP haplotype and

D-loop sequence analysis to characterize mtDNA varia-
tion in an isolated Yanomami Indian population from
Brazil to examine the occurrence and frequency of
mtDNA haplotypes in an isolated Amerindian sample.
Our results suggest there were at least three additional
mtDNA lineages in the New World founder population.

Material and Methods

The Study Sample
The Yanomami were, until recently, an isolated con-

temporary culture living in the lowland, tropical rain
forest along the border of Brazil and Venezuela (Chag-
non 1977, 1992; Good and Chanoff 1991). During Jan-
uary and February, 1990, Dr. Jairo J. Mancilha-Car-
valho and a Brazilian Ministry of Health team visited
eight villages of the Surucucu and Catrimani Plateau
regions of the Territorio de Roraima in northwestern
Brazil. Blood was drawn from an average of 12 to 13
adult volunteers in each village, giving a total of 61 men

214



Easton et al.: mtDNA Variation in the Yanomami

and 39 women. Most of these individuals were not first-
degree relatives, although more distantly related individ-
uals were included. No pedigree or village-of-origin data
were obtained as part of this survey. The 83 samples
used in this study are from this survey (Crews et al.
1993; Crews and Manchilha-Carvalho 1993).

Laboratory Methods
DNA was extracted following a modification of the

method of Boom et al. (1990) described by Merriwether
et al (1994) and amplified by PCR (Saiki et al. 1988).
All samples were amplified using primer sets encom-
passing the following regions: nts 577-743, 5099-
5333, 8215-8297, 10284-10489, 13232-13393,
16201-16547, and 16453-00048. In addition, the "X"
types were amplified using an additional primer set en-
compassing nts 11994-12701. All primers were 20- to
27-mer oligonucleotides that precisely match the pub-
lished sequence (Anderson et al. 1981). RFLP typing
was performed by amplifying the mtDNA with primers
flanking the desired site. The DNA was digested in a
cocktail of 1 jul BSA (50 mg/ml), 2 gl manufacturer's
1Ox enzyme buffer, 5 U restriction enzyme, and dH20
to 10 pl total volume added to each 10-gl sample of
DNA. The digest was incubated at 370C overnight. The
resulting fragments were electrophoresed in 2% agarose
gels and visualized by ethidium bromide (EtBr) staining.

Samples to be sequenced were amplified by PCR in
100-gl reactions using primers encompassing nts
15908-00048 and nts 16555-00430. Amplification
was verified on 2% agarose/EtBr gels. Those that ampli-
fied were, in the case of nts 16555-00430, extracted
with 10 vol of equilibrated phenol (pH 7.9, Amresco)
and 10 vol of 24:1 chloroform:isoamyl alcohol to aid
in resolving long runs of cytosines. The resulting samples
were concentrated using Micron 100 microconcentra-
tors (Amicon). Samples amplified for nts 15908-00048
were not phenol-chloroform extracted prior to concen-
tration.

Seven microliters of each purified sample was then
reamplified in 20 pl total volume reactions using nested
sequencing primers encompassing nts 15975-16420
and 00008-00430 with the Dydeoxy" terminator cy-
cle sequencing kit (Applied Biosystems). Unincorporated
label was removed with Princeton Separation Centri-
sepTM Columns. The samples were analyzed on an Ap-
plied Biosystems 373A automated sequencer.

Analytical Methods
Sequences were aligned in Seq.ed 1.03, using the pub-

lished Cambridge sequence (Anderson et al. 1981) for
comparison, and edited and checked in MacClade 3.01
(Maddison and Maddison 1992). Kimura 2 parameter
distance matrices (Kimura 1980) were generated in
PHYLIP 3.5 (Felsenstein 1993) DNADist. Neighbor-

Table 2

Summary of Yanomami Haplogroups

Type No. %

A 0 0
B1 4 4.8
B2 1 1.2
Cl 31 37.5
C2 29 34.9
D1 2 2.4
D2 6 7.2
X6 7 8.4
X7 3 3.6

Total 83 100.0

joining trees (Saitou and Nei 1987) were generated in
Phylip 3.5's Neighbor program. A parsimony tree was
generated using Phylogenetic Analysis Using Parsimony
(PAUP) version 3.Os (Swofford 1989). One thousand
replicates of heuristic searches, saving 20 trees of the
shortest length from each replicate, were run on the
50 samples that were merged for both hypervariable
regions. A total of 16,200 equally parsimonious trees
were saved, and 50% majority-rule consensus trees were
calculated from the 16,200 trees.

Results

RFLP Data
All 83 Yanomami samples were typed for Wallace

and Torroni's (1992) diagnostic markers for the four
founding lineages and the HaeIII site at nt 16517, which
further defines these lineages (table 1) (Bailliet et al.
1994). The HaeIII site at nt 16455 was also surveyed,
but this site is monomorphic in humans and was ex-
cluded. Samples that did not have the markers defining
the four founding haplogroups were typed for four addi-
tional RFLP sites in an attempt to further define these
"other" haplotypes. A total of s615 polymorphic
mtDNA markers (14 RFLP sites and the 9-bp deletion
site) were analyzed. The results are summarized in ta-
ble 2.
Wallace and Torroni's (1992) four founding lineage

types made up 88% of this sample. Lineage C was the
most frequent haplotype (Cl = 37.5%; C2 = 34.9%).
Lineage D2 made up 7.2% and D1 made up 2.4% of
the sample. Lineage B1 represented 4.8% and B2 repre-
sented 1.2% of the sample. No lineage A haplotypes
were observed.
The remainder of the samples were of two haplotypes

denoted as "X6" and "X7." These haplotypes are de-
fined by the lack of the diagnostic markers for lineages
A, B, C, or D. X6 and X7 have lost the HaeIII site at
nt 663, are nondeleted, and have the HincII site at nt
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Table 3

Yanomami Haplotypes, by Region, Sex, and Age

AGE
(years)

REGION AND
HAPLOTYPE No. OF MALES (%) No. OF FEMALES (%) <33 (%) >33 (%) TOTAL No. (%)

Surucucu:
B1 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
B2 1 (2.4) 0 (0) 0 (0) 1 (2.4) 1 (2.4)
Cl 11 (26.8) 9 (21.9) 11 (26.8) 9 (21.9) 20 (48.8)
C2 3 (7.3) 0 (0) 1 (2.4) 2 (4.9) 3 (7.3)
D1 1 (2.4) 1 (2.4) 2 (4.9) 0 (0) 2 (4.9)
D2 3 (7.3) 2 (4.9) 3 (7.3) 2 (4.9) 5 (12.2)
X6 6 (14.6) 1 (2.4) 5 (12.2) 2 (4.9) 7 (17.1)
X7 1 (2.4) 2 (4.9) 1 (2.4) 2 (4.9) 3 (7.3)

Subtotal 26 (63.4) 15 (36.6) 23 (56.1) 18 (43.9) 41 (100.0)
Catrimani:
B1 2 (4.8) 2 (4.8) 2 (4.8) 2 (4.8) 4 (9.5)
B2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Cl 6 (14.9) 5 (11.9) 6 (14.9) 5 (11.9) 11 (26.2)
C2 18 (42.9) 8 (19.0) 10 (23.8) 16 (38.1) 26 (61.9)
D1 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
D2 0 (0) 1 (2.3) 0 (0) 1 (2.4) 1 (2.4)
X6 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
X7 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Subtotal 25 (59.5) 17 (40.5) 18 (42.9) 24 (57.1) 42 (100.0)
Total 52 (62.7) 31 (37.3) 41 (49.4) 42 (50.6) 83 (100.0)

13259 and the AluI site at nt 5176. They also have the
DdeI site at nt 10394 and the AluI site at nt 10397. In
addition, they have a HincII site at nt 12406, a RsaI site
at nt 16303, and a Sau961 site at nt 16516. They are
differentiated by the HaeIII site at nt 16517: the X7
haplotype has that site, while the X6 haplotype does
not. X6 made up 8.4% of the sample, and X7 made up
3.6% of the sample. No other haplotypes were observed.
The 83 individuals were subdivided by sex, age, and

region of origin. The sample consisted of 52 males
(62.7%) and 31 females (37.4%). The ages of the sam-
pled individuals ranged from 15 to 63 years, with a
mean of 33.6 years. The population was divided into
two groups: those <33.6 years of age (N = 41; 49.4%)
and those >33.6 years of age (N = 42; 50.6%). Samples
were divided by region of origin: Surucucu and Catri-
mani. Results of comparisons of these subgroups by hap-
lotype are given in table 3.

Previous studies that utilized RFLP typing of Native
American, Asian, and Caucasian populations (Ballinger
et al. 1992; Torroni et al. 1993a, 1993b, 1994a, 1994b,
1994c; Merriwether 1994) were reanalyzed for compari-
son with the Yanomami results. Several other studies
(Cann et al. 1987; Stoneking et al. 1990; Stone and
Stoneking 1993; Bailliet et al. 1994; Monsalve et al.
1994) were examined, but, because these studies did
not survey for all of the requisite RFLP sites, they were

excluded from this analysis. The results of this analysis
are found in table 4.

Sequencing Data
Fifty sequences from the first (nts 16003-16393) and

second (nts 00030-00396) hypervariable regions of the
mitchondrial D-loop were obtained. The two regions
were combined into one composite sequence for an anal-
ysis of 765 nt (from a total of 1,121 bp in the D-loop).
This number is 7 nt larger than the Cambridge reference
sequence, because of gaps added at nts 16366.1,
00309.1-00309.4, and 00315.1-00315.2, to allow for
insertions seen in the Yanomami samples.

Analysis of the 50 merged sequences identified 43 mi-
tochondrial haplotypes defined by 53 polymorphic sites.
Thirty-four polymorphic positions were observed in the
nts 16003-16393 region and 19 in the nt 00030-00396
region (table 5). Only those positions that differ from
the Cambridge reference sequence (Anderson et al.
1981) are included. Dots signify that the haplotype se-
quence was identical to the published Cambridge se-
quence (shown in row 1) at that position. One haplotype
was observed in three individuals (Yan 12, 65, and 76),
five haplotypes each occurred in two individuals (Yan
2 and 9, Yan 21 and 89, Yan 24 and 36, Yan 31 and
63, and Yan 72 and 94), and 37 haplotypes were each
seen in only one individual. Table 5 includes RFLP hap-
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lotype designations of the samples. All sequence haplo-
types consisting of more than one sample contained only
one RFLP haplotype except one, which consisted of an
X6 and a D2 RFLP haplotype. There were 2 B1 haplo-
types, 20 C1 haplotypes, 7 C2 haplotypes, 2 D1 haplo-
types, 3 D2 haplotypes, 1 combined D2-X6 haplotype,
5 X6 haplotypes, and 3 X7 haplotypes.

Figure 1 is a phylogenetic tree generated by the PHY-
LIP 3.5 Seqboot program (Felsenstein 1993) from 100
bootstrap resamplings of the 50 Yanomani sequences,
along with the Cambridge reference sequence, four Afri-
can sequences, and a chimp sequence used as outgroups.
The Africans and the chimp were taken from studies by
Redd et al. (1995), Vigilantet al. (1991), and Vigilant
et al. (1989,1991). Biaka Pygmy (45) and Mbuti Pygmy
(43) are region V 9-bp deleted individuals. The other
Africans and the chimp are nondeleted. PHYLIP 3.5's
DNADist and Neighbor programs were used to generate
100 replicate trees, and Consense was used to create the
consensus tree.

Figure 2 is a 50% majority-rule parsimony phyloge-
netic tree generated by PAUP version 3.1s (Swofford
1989) from the 50 sequences, plus the Cambridge se-
quence and the four Africans and the chimp sequence
mentioned above, which were merged for both hyperva-
riable regions. Figure 2 was generated by conducting
1,000 replications of heuristic search using the tree bi-
section and reconnection method and saving the 20
shortest trees from each replication. A total of 16,200
equally parsimonious trees were generated (all with a
tree length of 208 steps).

Discussion

RFLP Data
Analysis of the RFLP data from this study shows that

the Yanomami have a substantial level of mtDNA diver-
sity (see table 2). Three of the four founding haplo-
groups were identified in this sample; haplogroup A was
absent. This is consistent with other South American
Indian populations, since the frequency of lineage A is
generally much lower in South American Amerinds than
in North American Amerinds (Merriwether et al. 1994).
Lineages C1 (37.5%) and C2 (34.9%) were the most
common, as they are in several nearby populations: the
Yanomama in neighboring Venezuela had 25.2% C1
and 29.17% C2, the Marubo had 60.0% C2 (Torroni
et al. 1993a), and the Trapa Trapa Pehuenche had
36.5% C2 (Merriwether et al. 1994) (see table 1). The
other lineage haplotypes were found in lower frequen-
cies in our sample of Yanomami: 4.8% were B1, 1.2%
were D1, and 7.2% were D2.
One unexpected finding was a sample identified as

haplotype B2. This sample had all the markers of the B
haplotype (the 9-bp deletion, loss of the HaeIII site at

nt 663, the HinclI site gain at nt 13259, the AluI site
gain at nt 5176, loss of the DdeI site at nt 10394, and
loss of the AluI site at nt 10397) but had lost the HaeIII
site at nt 16517 (see table 1). The loss of this HaeIII site
distinguishes A2 from Al, C2 from Cl, and D2 from
D1. As previously noted, Bailliet et al. (1994) have stated
that, in 297 Amerindians typed as lineage B, haplotype
B was always found in association with the HaeIII site
at nt 16517. Bailliet et al. (1994) state that the loss of
the HaeIII site at nt 16517 would be four times more
frequent than a gain, because it would be caused by a
mutation in any of the 4 nts forming the HaeIII site,
versus the single transition required to produce the site
gain. The presence of haplotype B2 in 5% of Taiwanese
Han (haplotype 61 in Ballinger et al. 1992) suggests
haplotype B2 could be an additional founding lineage.

Perhaps the most intriguing aspect of this study is the
finding, in a significant percentage of the samples, of
two haplotypes (designated X6 and X7) that have not
previously been recognized as founding lineages. These
haplotypes have none of the defining markers of lineages
A through D but have the DdeI site gain at nt 10394
and the AluI site gain at nt 10397 (see table 1). Haplo-
types X6 and X7 are identical except for the HaeIII site
at nt 16517: X7 has this site and X6 has a site loss at
this position.

Haplotype X6 is the same as the haplotype that Tor-
roni et al. (1993a) identified in one Makiritare individual
and designated as "AM83," except that the AM83 sam-
ple has a RsaI site loss at nt 16049, and our X6 samples
have the RsaI site at this position. Torroni and Wallace
(1995) have stated that, among Native Americans, vari-
ants with the RsaI site loss at nt 16049 have been found
associated with haplotype C in populations that are lin-
guistically related and geographically close to the Maki-
ritare. They believe that the lack of the haplotype C
marker (loss of the HincdI site at nt 13259) "is most
likely due to a reversion that has recently occurred in a
South American-specific subset of haplogroup C
mtDNAs" (Torroni and Wallace 1995, p. 1235). Bailliet
et al. (1994) included haplotype AM83 in their putative
lineage E, noting that the other lineage E haplotypes had
losses of the DdeI site at nt 10394 and the AluI site at nt
10397, while AM83 had these sites. AM83 is, therefore,
distinct from "lineage E." The findings of this study
suggest that haplotype AM83 or X6 is a possible new
founding lineage. W. W. Hauswirth (personal communi-
cation) has identified both lineages X6 and X7 at high
frequencies in 90 well-preserved 8,000-year-old Florida
Windover bog burials (Doran et al. 1986; Hauswirth et
al. 1994), which indicates that these lineages predate
European colonization of the New World.

Torroni et al. (1993a) define the criteria for a found-
ing lineage: (1) a founding haplotype should be wide-
spread in the Amerindian populations, because it would
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Table 5

Polymorphic mtDNA D-Loop Sites in Both Hypervariable Regions of the D-loop in the Yanomami
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Figure 1 Bootstrap replicate neighbor-joining tree

have preceded tribal differentiation; (2) a founding hap-
lotype should be central to the branching of its haplo-
group in the phylogenetic analysis, because new haplo-
types would have originated from it; and (3) a founding
haplotype should be present in east Asian and Siberian
populations.
As can be seen in table 4, haplotypes X6 and X7 are

widespread in Amerindian populations. These popula-
tions range from the far north of North America to well
into South America, which is consistent with lineages
X6 and X7 being founding lineages. X6 and X7 haplo-
types are widespread in Asians and Siberians, as shown
in table 4, and were the most frequent haplotypes found

Figure 2 Fifty-percent majority-rule parsimony consensus tree

in some of these populations. Thus, they are unlikely to
be the result of a recent reversion as proposed by Torroni
and Wallace (1995). In addition, the DdeI site gain at
nt 10394 in combination with the AluI site gain at nt
10397 has never been detected in U.S. or French Cana-
dian Caucasians (Torroni et al. 1994b). Chen et al.
(1995) did detect the DdeI site at nt 10394 with the
AluI site at nt 10397 in one Senegalese (haplotype
AF24). AF24 is identical to haplotype X6 except that
AF24 has a HincII site loss at nt 12406, while haplotype
X6 has this site. No other Africans have been found that
have the DdeI site at nt 10394 in combination with the
AluI site at nt 10397 (Cann et al. 1987; Stoneking et al.
1990; Chen et al. 1995). It is, therefore, unlikely that
these haplotypes are the result of admixture with non-
Yanomami.
The Torroni et al. (1993a) study included 24 Yano-

mamo from neighboring Venezuela, but did not detect
haplotype X6 or X7. It is possible that these haplotypes
were present in the Yanomamo but not detected in the
sample typed by Torroni et al. (1993a). A sample size
of 24 should detect -63% of lineages in a population
with "limited" mtDNA diversity (Ward et al. 1993). If
Torroni et al.'s (1993a) Yanomamo population pos-
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sessed a similar level of diversity, they could have missed
one third of the haplotypes present in the population.
A comparison of haplotypes by sex (see table 3) shows

no significant differences in frequencies except in lin-
eages C2 and X6. There is an excess of C2 males (18,
or 42.9% of the sample) over females (8, or 19.0%)
among the Catrimani and of X6 males (6, or 14.6%)
over females (1, or 2.4%) among the Surucucu. In addi-
tion, taking into account that 62.7% of the sample is
male and 37.4% of the sample is female, the C1 lineage
frequency of almost equal distribution between males
and females is not what would be expected. The other
haplotypes are represented by too few individuals to
detect any differences in frequency. These results may
reflect the Yanomami practice of men marrying women
from other villages and bringing the women to their
home village to live, a practice that leads to the importa-
tion of new mitochondrial lineage types.
The sample was divided into two groups, those <33

years of age and those ,33 years of age, for the compari-
son of age versus haplotype (see table 3). Since the sam-
ples were collected in 1990, and permanent contact
through missionaries began in the early 1960s, the indi-
viduals in the older group would have been born prior
to sustained contact with outsiders. The proposed new
founding haplotypes (B2, X6, and X7) are all repre-
sented in individuals born prior to sustained contact.
Although prior transient contact is a possibility, it would
have been most likely to involve males who do not con-
tribute to the mitochondrial gene pool. These results are
consistent with our argument that these haplotypes are
not due to admixture.
We also examined the haplotype distribution by sam-

ple areas. Surucucu is a more remote area and has had
less contact with outsiders (D. E. Crews, personal com-
munication). We separated the samples by geography:
Surucucu (Yan 1-57 and 67) and Catrimani (Yan 58-
66 and 68-101). Table 3 shows the results of the com-
parison of area of origin versus haplotype. Nearly all of
the haplotypes show variation in this comparison. Some
of this variation is due to genetic drift in these small,
isolated populations, but one difference that is apparent
is that all of the proposed new founding haplotypes are
confined to the more isolated Surucucu population. This
result is further evidence that haplotypes B2, X6, and X7
are indigenous to the Yanomami and are new founding
Amerindian lineages.

Sequence Data
Analysis of D-loop sequence data in the Yanomami

shows a substantial level of mitochondrial DNA diver-
sity (see table 5). Forty-three mitochondrial haplotypes
defined by 53 variable positions were identified in 50
samples for nts 16003-16393 and nts 00030-00396 of
the hypervariable regions in the mitochondrial D-loop.

Thirty-four of the variable positions were in the nt
16003-16393 region, and 19 were in the nt 00030-
00396 region. In other studies, Ward et al. (1991) found
28 sequence patterns in the nt 16024-16383 region in
63 members of the Nuu-Chah-Nulth tribe, Ginther et al.
(1993) found 19 sequence haplotypes in the nt 16050-
16400 and 00070-00370 regions in 60 Mapuche Indi-
ans, Horai et al. (1993) found 43 sequence haplotypes
in the nt 16129-00036 region in 72 Amerindians from
16 populations, Ward et al. (1993) found 9 Amerindian
sequence patterns in the nt 16024-16383 region in 41
Haida and 11 types in 40 Bella Coola, Shields et al.
(1993) found 33 sequence haplotypes in the same region
as the Ward et al. (1991, 1993) studies in 90 individuals
from five circumpolar populations and compared them
to 47 haplotypes found in 145 Bella Coola, Nuu-Chah-
Nulth, and Yakima, and Torroni et al. (1993a) found
32 sequence haplotypes in the nt 16030-16370 region
in 38 Native Americans from 17 populations.

Table 6 lists the D-loop point mutations associated
with the RFLP haplotypes of the individuals in this
study, including those mutations always seen in associa-
tion with each Yanomami RFLP haplotype and those
seen in more than one individual but not all individuals
of each haplotype.
As has been observed by others, D-loop sequence hap-

lotypes largely cluster into groups defined by RFLP
haplogroups. For haplogroups B. C, and D, where a
comparative sequence is available, the D-loop variation
seen in the Yanomami largely overlaps that reported
from other Amerindian populations.

Regarding the proposed new founding haplotypes, the
five X6 sequencing haplotypes and the three X7 haplo-
types all had 16325-T-C and 00263-A-G. They share
16325-T-C with the C and D haplotypes. Three of the
five X6 haplotypes had four additional mutations. Two
of the three X7 haplotypes had four addional mutations
as well (see table 6). These X haplotypes have not been
sequenced previously, so we had no other studies to
use for comparison. Our data would suggest that X6
haplotypes are characterized by 16223-C-T, 16234-C-
T, 16324-T-C, 00076-G-A, 00086-A-G, and 00263-A-
G. Haplotypes X7 is more difficult to characterize, but
may be defined by 16325-T-C and 00263-A-G and
probably by 16256-C-T, 16353-C-T, 16362-T-C, and
00076-G-A.
The combined X6-D2 haplotype had a pattern with

similarities to the characteristic D2 sequence haplotype
pattern, sharing 16294-C-T, 00150-C-T, and 00217-
T-C. This shared D2-X6 haplotype may indicate that
haplotypes D2 and X6 are closely related, since both
occurred on the same D-loop sequence background.
The shared polymorphisms in the sequence haplo-

types caused them to cluster into groups in the neighbor-
joining bootstrap (NJBS) tree (fig. 1) and the parsimony-
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Table 6

Correlation Between RFLP Haplotype and D-Loop Sequence Haplotype

RFLP D-Loop Mutations Shared by All D-Loop Mutations Shared by More Than One
Haplotype Yanomami of This Haplotype Yanomami of This Haplotype

B1 16183 A:C, 16189 T:C, 16217 A:G, Only two Bis present in this sample
00263 A:G

C1 16298 T:C, 16325 T:C 16223 C:T, 00076 C:A, 00084 A:C; 00263 A:G,
00086 C:G, 16327 C:T, 00146 T:C

C2 16223 C:T, 16298 T:C, 16325 T:C, 16223 C:T, 00076 C:A, 00084 A:C, 00263 A:G,
16327 C:T, 16325 T:C, 00263 00086 C:G, 16327 C:T, 00146 T:C
A:G

D1 16179 C:A, 16223 C:T, 16256 C:T, Only two D1s present in this sample
00263 A:G

D2 16294 C:T, 00150 C:T, 00217 T:C, 16104 C:G, 16325 T:C, 00076 C:A, 00086 C:G
00263 A:G

X6 16325 T:C, 00263 A:G, 16092 T:C, 16223 C:T, 16234 C:T, 00076 C:A,
00086 C:G

X7 16325 T:C, 00263 A:G, 16256 C:T, 16353 C:T, 16362 C:A, 00076 C:A

consensus (PC) tree (fig. 2). In both trees the African and
chimp sequences acted as outgroups to the Yanomami
sequences. The D haplotypes clustered with the X6 (and
most of the X7 haplotypes) in both trees. The D1 haplo-
types clustered closer to X7 haplotypes in the NJBS tree
and closer to X6 haplotypes in the PC tree, and the D2
haplotypes were closer to X6 haplotypes in the NJBS
tree and the X6 and X7 haplotypes in the PC tree. The
C haplotypes clustered tightly, with some evidence of
separation of the C2 from C1 haplotypes in the PC tree.
One X7 haplotype (Yan 4) clustered closer to the C
haplotypes in both trees. In general, haplotypes that
cluster together are closely related, so this may indicate
that the X6 and X7 haplotypes are more closely related
to C and D haplotypes than to B1 haplotypes.

Phylogenetic trees of the sequenced samples show the
RFLP types tend to cluster together. Because of the lack
of depth in these trees, we were unable to determine the
nodality of the X haplotypes in relation to the C and D
haplotypes. We are, therefore, unable to address the
issue of Torroni et al.'s (1993a) third criteria for a
founding lineage: that it be central to the branching of
its haplogroup in the phylogenetic analysis, because new
haplotypes would have originated from it.

Conclusions

RFLP and sequence analysis of 83 Yanomami samples
from the Surucucu and Catrimani regions of Roraima,
Brazil, found a substantial level of mitochondrial diver-
sity. Five of the seven previously identified Native Amer-
ican RFLP haplotypes and three new RFLP haplotypes,
along with 43 sequencing haplotypes, were detected.
Evidence is presented that the RFLP haplotypes B2 and
especially X6 and X7 are previously unrecognized

founding lineage types in the New World. Two of Tor-
roni et al.'s (1993a) three criteria for a founding lineage
are satisfied by these haplotypes: that a founding haplo-
type be widespread in Amerindian populations and that
it should be detected in East Asian and Siberian popula-
tions. Haplotypes X6 and X7, and to a lesser extent
haplotype B2, satisfy these conditions. In addition, all of
these haplotypes were detected among older individuals
(born before extensive outside contact) and only in the
more isolated geographical area. We were unable to ad-
dress the third Torroni et al. (1993a) criteria for a found-
ing lineage, because of the shallowness of our phyloge-
netic trees. Our sequence analysis of both hypervariable
regions found many shared mutations in samples of the
same RFLP haplotype. These are delineated in the study.
The mutations caused sequences to cluster by RFLP hap-
lotype in neighbor-joining and 50% majority-rule parsi-
mony trees. This was taken as evidence that our RFLP
typing was valid.
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